Tropospheric ozone observations over China from 2005 to 2010 at three pressure levels (484, 681 and 825 hPa) from the Tropospheric Emission Spectrometer on board the NASA Aura satellite have been analyzed. Fourier Transform analysis revealed the trends and seasonality of regionally-averaged, monthly-mean ozone concentrations over western, northern and southern China. Significant increases in ozone levels are found over all three regions at 464 hPa and the rate of increase is fastest over northern China, reaching 0.89±0.059 nL/(L a). At 681 hPa, ozone shows increases over northern and western China, at a rate of 0.57± 0.065 nL/(L a) and 0.41±0.041 nL/(L a) respectively, but is constant over southern China. At 825 hPa, ozone increases at a rate of 0.36±0.074 nL/(L a) over northern China, while decreasing over southern China at a rate of 0.21±0.061 nL/(L a). Over the three regions, ozone levels are generally higher in summer and lower in winter. Over southern China at all three pressure levels and northern China at the 825 hPa level, ozone shows double peaks occurring in spring and autumn as a result of the combined effects of atmospheric chemistry and global transport. This work provides a useful observational dataset and tools for future analysis of changes in tropospheric ozone over China.
Ozone is an important greenhouse gas and major precursor of the hydroxyl radical (OH) in the troposphere. Surface ozone is a pollutant, with adverse impacts on human health and vegetation. Ozone precursors include NO x , VOCs, and CO. Compared with other gas pollutants, ozone has a relatively long lifetime (1-2 weeks in summer and 1-2 months in winter) [1] , making it subject to long-range transport. Accordingly, ozone has been considered as a global pollutant, and much attention has been paid to temporal and spatial variability of tropospheric ozone, long-range transport of ozone and its precursors at both continental and hemispheric scales, and the effect of ozone on regional and global climate [2] [3] [4] .
It has been suggested that tropospheric ozone concentrations have increased significantly since the Industrial Revolution, especially in the Northern Hemisphere [5]. China's rapid economic growth in recent years has resulted in fast increasing emissions of ozone precursors (NO x , VOCs and CO). Richter et al. [6] indicated that NO 2 emissions from China have increased by 50% between 1996 and 2003 based on remote sensing data derived from GOME and SCIAMACHY satellite instruments. This is much higher than that suggested by the bottom-up inventory [7] . By analyzing the Measurement of Ozone and Water Vapor by Airbus In-Service Aircraft (MOZAIC) flight data, Ding et al. [8] found that tropospheric ozone in eastern China has increased at an annual rate of 2% during the past 10 years. Wang et al. [9] indicated that background ozone in southern China has increased at a rate of 0.58 nL/(L a), based on Hong Kong surface observations from 1994 to 2007.
Since the 1980s, China has built a few continuous surface observation stations, such as those at Shangdianzi, Linan, Longfengshan and Waliguan. These generate basic data about surface ozone concentrations and seasonal variations of the different regions [10] [11] [12] [13] . However, compared to developed countries, ozone observations in China are very limited. Satellite remote sensing of atmospheric composition is a useful complement to surface observations. Several satellite instruments are capable of providing openaccess, quantitative information on atmospheric concentrations of ozone and its precursors, including the OMI (Ozone Monitoring Instrument) and the TES (Tropospheric Emission Spectrometer) [14, 15] . The TES can provide vertical ozone distributions of O 3 and CO simultaneously. Since its launch in 2004, the TES has accumulated a large amount of data applicable to the relationships between ozone and precursors, as well as the intercontinental transport of ozone [7] .
In this study, we examine the change in tropospheric ozone over China from 2005 to 2010 using TES generated ozone retrieval products.
Data and methodology

Introduction to TES data
TES is a Fourier transform infrared emission spectrometer covering the spectral range 650-2050 cm 1 (3.315.4 μm) at a spectral resolution of 0.1 cm 1 (nadir viewing) or 0.025 cm 1 [16] (limb viewing). The infrared emission and absorption of the atmospheric substances closely relate to the cloud cover, pollutant concentration, pressure, temperature and other factors. Therefore, TES is able to retrieve the vertical profile of species concentrations on the basis of the emission and absorption spectrum. The method used by TES to retrieve tropospheric profiles of ozone and CO [17] has been optimized. The retrieved profile may be expressed as a linear combination of the true profile and the a priori profile weighted by the averaging kernel matrix. Ozone data provided by TES usually covers a wide range from 0-32 km in altitude, including the whole troposphere and the lower part of the stratosphere. In the lower part of troposphere, there are 1-2 degrees of freedom in the inversion method used, indicating the capability of TES to observe the vertical distribution of ozone [18] . The official TES website provides open access to the retrieval products of tropospheric ozone (http://tes.jpl.nasa. gov/). This study uses the level 3 retrieval data from Sep 2004 to Dec 2010, at 3 different elevations (825, 681 and 464 hPa). As an example, Figure 1 shows the global distribution of ozone at 681 hPa in July 2009 retrieved by TES.
Methodology
The Fast Fourier transform (FFT) methodology is used to decompose the time-series into the sum of different sine and cosine functions with different amplitudes and frequencies. By filtering and the Inverse Fast Fourier Transform (IFFT), information is obtained in the desired frequency ranges. Fourier transform is widely applied in the study of inter-annual change and seasonal variations [19, 20] . We define the inter-annual trend as periods longer than 1.4 years with seasonal variation less than 1.3 years. The sample frequency in this study is 12 Hz, i.e. 1 year. A frequency of 2 Hz is 6 months, 3 Hz 4 months, etc.
Data summary
The TES ozone time-series data is from Sep 2009 to Dec 2010 at three different pressure levels (825, 681 and 464 hPa) (Figure 2 ). On the TES website, China is divided into 3 geographical regions: western, northern and southern China. Due to the high elevation of western China, the TES data there at 825 hPa is scarce, so this is not included in this study. Over western and northern China, ozone mixing ratios have summer maxima and winter minima. Over southern China, however, they are higher in winter and lower in summer. At 681 and 825 hPa pressure levels, ozone over southern China shows double peaks occurring in spring and autumn. The inter-annual trend is discussed below.
As summarized in Table 1 , the average ozone mixing ratio is higher over northern China than over southern China. Ozone mixing ratios increase with altitude, partly resulting from the downward transport of stratospheric ozone.
Regional analysis
Due to the significant differences between the different parts of China, the temporal variability of ozone is split by region. Figure 3 shows the frequency spectrum of ozone over northern China. A significant signal appears at f=1 Hz at all pressure levels, which implies a constant seasonal variation throughout the troposphere. Another relatively strong signal appears at f=2 Hz at 464 hPa, and f=3 Hz at 681 hPa and 825 hPa. The inter-annual trend of ozone is derived by performing IFFT on the 00.7 Hz part of the spectrum, (Figure 4) . A significant increasing trend of ozone mixing ratios is observed at all three pressure levels, with the largest rate of increase at 464 hPa (0.89±0.059 nL/(L a)), followed by that at 681 hPa (0.57±0.065 nL/(L a)) and the smallest rate [21] . This increase is higher than that from our results, and implies three possible explanations. First, our study covers a time span from 2005 to 2010, which is different from Tang's. Second, we focus on the average ozone over whole North China instead of some big cities. Third, the TES data reflects the ozone change in the lower troposphere instead of the surface atmosphere.
Northern China
From the frequency spectrogram the seasonal variation is superimposed with other different cycles. If the data is filtered such that signals with amplitudes <15% of the maximum amplitude are excluded, and IFFT is performed in frequency ranges including 0.81.2, 0.82.2 and 0.83.2 Hz, the resulting seasonal variations obtained from IFFT get much closer to the observed variations ( Figure 5 ). The amplitude is largest at 464 hPa, reaching 13 to 15 nL/L. A weak double-peak phenomenon is observed at 825 hPa, with peaks in spring and autumn and troughs in winter and summer.
Southern China
The results of a similar analysis for southern China appears in Figure 6 . Strong signals appear at f=1, 2 and 3 Hz at all the pressure levels, with strongest at f=1 Hz.
We obtained the inter-annual trend by performing IFFT on the 00.7 Hz frequency range (Figure 7) . A weak in creasing trend (0.10±0.11 nL/(L a)) is observed at 464 hPa and a weak decreasing trend (0.21±0.061 nL/(L a)) is observed at 825 hPa. At 681 hPa, ozone concentrations remain constant over the five years (0.04±0.07 nL/(L a)). This is consistent with the results of previous work which also showed a slight decreasing trend from 1991 to 2006 in Lin'an [22] .
The frequency spectra shows that the ozone seasonal variation is 3 different cycles superimposed. By filtering out signals with amplitudes < 15% of the maximum amplitude, and performing IFFT on different frequency ranges including 0.81.2, 0.82.2 and 0.83.2 Hz, Figure 8 show that the seasonal variations over southern China are more complex than those over northern China. A double-peaks phenomenon is significant at all three levels and O 3 displays a summer minimum. The amplitude of the seasonal change is highest at 825 hPa, reaching 15 to 10 nL/L.
Western China
The frequency spectra of tropospheric ozone over western China appears in Figure 9 . A strong signal appears at f=1 Hz and a slightly weaker one at f=2 Hz at 464 hPa.
The inter-annual trend was obtained by performing IFFT on the 00.7 Hz signals (Figure 10 ). An increasing trend (+0.26±0.049 nL/(L a) at 464 hPa and 0.41±0.041 nL/(L a) at 681 hPa) was observed over western China.
Over western China, the seasonal change of tropospheric ozone is very regular, with summer maxima and winter minima, (Figure 11 ). This regularity can be explained by the dominant role of the ozone background over this region and the very small anthropogenic influence. At 464 hPa the amplitude reaches 10 to 12 nL/L, and is smaller at 681 hPa, reaching 5 to 5 nL/L.
Conclusions
The inter-annual trend and seasonal variations retrievedfrom TES over different regions in China is summarized in Table  2 . Over the three regions, ozone mixing ratios are generally higher in summer and lower in winter. Over southern China at all three pressure levels and northern China at 825 hPa, however, ozone shows double peaks occurring in spring and autumn as a result of the combined effects of atmospheric chemistry and global transport [23] . Significant increases in ozone are found over all three regions at 464 hPa and the rate of increase is fastest over northern China, reaching 0.890.059 nL/(L a). At 681 hPa, ozone shows increases over northern and western China, at a rate of 0.570.065 nL/(L a) reason is the rising emissions of ozone precursors, mostly over northern China. Another reason is the impact from the change in transport, including the stratosphere-troposphere ozone exchange over western China, and the monsoonal circulation in southern regions. Other natural factors, such as the climate-driven changes of soil NO x emissions and biogenic VOCs emissions, can also contribute to the trend. This analysis provides a useful observational dataset and tools for future investigations into the mechanisms responsible for tropospheric ozone changes over China. 
